Spontaneous 46,XX primary ovarian insufficiency (POI), also known as 'premature menopause' or 'premature ovarian failure', refers to ovarian dysfunction that results in a range of abnormalities, from infertility to early menopause as the end stage. The most common known genetic cause of POI is the expansion of a CGG repeat to 55 -199 copies (premutation) in the 5 ′ untranslated region in the X-linked fragile X mental retardation 1 (FMR1) gene. POI associated with the FMR1 premutation is referred to as fragile X-associated POI (FXPOI). Here, we characterize a mouse model carrying the human FMR1 premutation allele and show that FMR1 premutation RNA can cause a reduction in the number of growing follicles in ovaries and is sufficient to impair female fertility. Alterations in selective serum hormone levels, including FSH, LH and 17b-estradiol, are seen in this mouse model, which mimics findings in humans. In addition, we also find that LH-induced ovulationrelated gene expression is specifically altered. Finally, we show that the FMR1 premutation allele can lead to reduced phosphorylation of Akt and mTOR proteins. These results together suggest that FMR1 premutation RNA could cause the POI associated with FMR1 premutation carriers, and the Akt/mTOR pathway may serve as a therapeutic target for FXPOI.
INTRODUCTION
Spontaneous 46,XX primary ovarian insufficiency (POI), also known as 'premature menopause' or 'premature ovarian failure' (POF), refers to ovarian dysfunction that results in a range of abnormalities, from infertility to early menopause as the end stage (1) . Independent of its etiology, POI manifests as ovarian dysfunction along a continuum of severity. The most severe form of this condition, POF, affects 1% of women by age 40 and 0.1% of women by age 30 (1) . The reduced ovarian function characteristic of POI causes estrogen deficiency that may result in clinical symptoms, such as hot flashes, vaginal dryness and insomnia, as well as negative effects on cardiovascular health and decreased bone mineral density (2 -5) . Currently, the only mouse model to study POI and menopause is the VCD-induced model, in which the industrial chemical 4-vinylcyclohexene diepoxide is used to induce the menopause state (6) .
Fragile X syndrome (FXS), the most common form of intellectual and developmental disabilities, is caused by expansion of CGG trinucleotide repeat in the 5 ′ untranslated region of the fragile X mental retardation 1 (FMR1) gene, which leads to silencing of its transcript and loss of the encoded fragile X mental retardation protein (FMRP) (7 -12) . Most affected individuals have more than 200 rCGG repeats, referred to as full mutation alleles (13) . Individuals with 55-199 repeats (termed 'premutation) typically do not show symptoms of FXS, but are at risk of a late-onset tremor/ataxia disorder (FXTAS) and, for women, are at risk for fragile X-associated POI (FXPOI) (14) . POI begins with unusually early hormonal changes, such as elevated levels of FSH, despite normal menstrual cycles, and culminates in menopause before the age of 40. POI occurs in ,1% of the general female population, but up to 24% of FMR1 premutation carriers are affected (15, 16) . As a group, women who carry the FMR1 premutation alleles experience menopause 5 years earlier than non-carriers (17, 18) . The effects of the premutation reach beyond reproductive implications, however, to affect all female carriers, because in addition to the early loss of fertility, these women face the potential early onset of serious conditions associated with early estrogen deficiency, including a heightened risk of osteoporosis and cardiovascular disease. Indeed, FXPOI is the most common known genetic causes of 46,XX POI, and the FMR1 premutation accounts for 4 -6% of all cases of 46,XX POI (14) . Genetic epidemiology studies suggest that the onset and severity of ovarian dysfunction associated with FXPOI is variable, and could potentially be modulated by the CGG repeat length and additional genetic and environmental factors (14) . There are several known molecular consequences of the FMR1 premutation alleles. They are genetically unstable and can expand to the full mutation during germline transmission (19) . Large premutation alleles lead to the reduced production of FMRP due to the long CGG repeat track in the RNA (rCGG) that is thought to impede translation initiation complex (20) . One unique molecular signature of the FMR1 premutation allele is that the level of FMR1 mRNA is significantly elevated (8, 21) . Multiple lines of evidence point to the neurodegenerative phenotypes associated with FXTAS being caused by a gain of function in FMR1 premutation rCGG repeat RNAs (19,22 -25) . The hypothesis is that overproduced rCGG repeats in FXTAS sequester specific RNA-binding proteins and reduce their ability to perform their normal cellular functions, thereby contributing significantly to the pathology of this disorder. Two RNA-binding proteins, Pur a and hnRNP A2/B1, were found to bind rCGG repeats specifically in both mammalian and Drosophila brains (26, 27) . However, the molecular mechanisms underlying how the FMR1 premutation alleles disrupt ovarian function and cause the phenotype of early menopause are still a mystery. Whether FMR1 rCGG repeats, altered expression of FMRP, or both contribute to FXPOI remains to be determined.
Here, we characterize a mouse model carrying the human FMR1 premutation allele and show that FMR1 premutation RNA is sufficient to impair female fertility. We find that FMR1 premutation RNA can cause a reduction in the number of growing follicles in ovaries, but not affect primordial follicles. Alterations in selective serum hormone levels, including FSH, LH and 17b-estradiol (E 2 ), are seen in this mouse model, which mimics the findings in humans. In addition, we also find that LH-induced ovulation-related gene expression is specifically altered. Finally, we show that the FMR1 premutation allele can lead to reduced phosphorylation of Akt and mTOR proteins. These results together suggest that FMR1 premutation RNA could cause POI among premutation carriers, and the Akt/mTOR pathway may serve as a therapeutic target for FXPOI. Our mouse model represents the first genetic model of human early menopause.
RESULTS

Fragile X premutation RNA impairs female fertility
To explore the potential role of the Fmr1 gene in controlling female fertility, we examined Fmr1 RNA expression by in situ hybridization and Fmrp expression by immunohistochemistry at different developmental stages. We saw that both the Fmr1 mRNA and protein were presented predominantly in granulose cells (GCs) and oocytes of all types of follicles (from primordial follicles to mature follicles) versus that in ovarian interstitial cells in adult mice ovary (Fig. 1A) . To further study the molecular basis of FXPOI, we used a previously developed transgenic mouse line that carries the premutation CGG repeat allele (28) . In this mouse model, a human yeast artificial chromosome (YAC) carrying the FMR1 locus with a premutation of 90 CGG repeats inserted through homologous recombination was used to generate the transgenic mouse (TG296). We examined the mRNA and protein levels of the FMR1 gene in the ovary of this fragile X premutation transgenic line. Surprisingly, we saw a significantly increased mRNA level, but not protein level, in the ovary (Supplementary Material, Fig. S1 ).
To investigate whether the FMR1 premutation allele could affect female fertility, we crossed age-matched wild-type (WT) and TG296 (premutation) females with WT males that have normal fertility. Females were housed with males starting at 8 weeks of age and monitored continuously for 10 months. Among 11 randomly selected premutation females, 3 were sterile and never yielded litters, whereas the others gave birth to a smaller cumulative number of pups, compared with the WT controls (37.1 versus 77; Fig. 1B ). We noted that the sub-fertility of premutation females was apparently attributable to two different factors. First, the premutation females delivered their first litter 1 month later than WT females did (12.5 + 2.7 versus 8.5 + 0.7 weeks of age; Fig. 1C) . Second, the average number of pups per litter was significantly reduced in the premutation females versus WT controls (4.9 + 2.5 versus 12.4 + 3.68; Fig. 1D ). We further examined the body weight and uterine weight of the premutation and WT animals. We found that, while the WT females showed a significant increase in body weight from 9 to 22 weeks of age (from 24.2 + 2 to 36.3 + 0.3 g) (mean + SD), the premutation females had only a small increase (from 21.15 + 2.8 to 30.6 + 1.5 g) (mean + SD) during the same testing period (Fig. 1E) . The measurement of the uterine weight of both types of mice showed that the ratio between uterine and body weight of premutation females was significantly lower than that for WT controls (P , 0.05) at 9 weeks (Fig. 1F) . These findings suggest that the reduced uterine weight might be a specific phenotype in premutation females, but not a reflection of their decreased body size, pointing to a specific defect caused by the premutation in the reproductive system. Given that the Fmrp level is not significantly altered in premutation mice versus WT mice, our data also suggest that fragile X premutation RNA could impair female fertility.
Reduced number of growing follicles in fragile X premutation ovaries
To determine whether the FMR1 premutation allele could influence ovarian development and alter ovarian function, we analyzed the morphology of the ovaries of fragile X premutation females at different ages using WT littermate females as controls. At postnatal days 8 (PD8) and 25 (PD25), the dimensions of the premutation ovaries are similar to those of WT ( Fig. 2A) . The ovaries of premutation females at PD25 showed a comparable number of immature follicles as the WT ovaries. We then quantified the number of cells from the different stages of oocyte and follicle development on the basis of the widely used classification developed by Pedersen and Peters (29) previously at PD25 and at 9 weeks. In this classification, follicle cells were divided into eight subgroups on the basis of: (i) the size of the oocytes in follicles at different stages of development, (ii) the size of the follicles defined by the number of cells constituting the follicular envelope and (iii) the morphology of the follicles. Compared with WT ovaries, we found that the number of type 6 follicles (the mature follicles) was significantly reduced in PD25 premutation females (P , 0.05; Fig. 2B ). The reduction of type 6 follicles was also seen in 9-week-old premutation females as well (P , 0.05; Fig. 2C ), indicating that proper follicle development could not recover in adult premutation ovaries. Notably, the number of type 7 follicles and corpus leuteum (CL) were also significantly reduced in 9-week-old premutation females (P , 0.001; Fig. 2C ). In addition, the numbers of types 3, 4 and 5 follicles in adult premutation females were also less than in WT littermates, although this was not statistically significant (P . 0.05). Consistent with these observations, further morphological analysis revealed that the FMR1 premutation females had smaller ovaries at 9 and 16 weeks versus their WT littermates ( Fig. 2A) . Interestingly, we found that primordial follicles, the type 1 and 2 follicles, which represent the oocyte reservoir, were not apparently affected by the fragile X premutation allele. Taken together, these results suggest the fragile X premutation allele could alter ovarian function, probably by impairing the development of the growing follicles, but not affecting primordial follicles.
Altered serum hormone levels in fragile X premutation mice
Since impaired ovarian function was usually linked to abnormal levels of sex steroid and non-steroid hormones, such as FSH and LH, we sought to examine the serum hormone levels of FSH, LH and 17b-E 2 in FMR1 premutation mice (14) . Using the protocol that was developed and published previously, we sacrificed the adult WT and FMR1 premutation littermate female mice from 9 to 22 weeks at the proestrus stage (based on vaginal smears), and serum hormone FSH, LH and 17b-E 2 levels were determined by radioimmunoassay. As shown in Fig. 3A , the premutation mice exhibited apparently higher levels of E 2 than WT littermates at 10 -12 weeks of age; however, the premutation mice showed levels of E 2 similar to those found in WT littermates between 16 and 22 weeks of age. This was consistent with artificial ovulation induced by exogenous hormones [pregnant Mare's serum gonadotropin (PMSG) and human chorionic gonadotropin (hCG)]. There were no differences in the numbers and sizes of the ovulated oocytes between WT and premutation mice, suggesting that the ovaries from both mice could respond to the hormone stimulation similarly (Supplementary Material, Fig. S2 ). Continuously from 9 to 22 weeks, the levels of serum FSH were significantly higher in the premutation mice than in WT littermates (Fig. 3B) . The serum LH level in adult premutation females was significantly lower than in the WT littermates (Fig. 3C) . Taken together, our data suggest that FMR1 premutation mice display abnormal levels of serum hormones, reminiscent of what has been observed in FXPOI patients. It is possible that the activation of the pool of primordial follicles by FSH leads to follicle depletion, and the lower level of LH causes decreased ovulation in FMR1 premutation ovaries.
Increased apoptosis of follicle cells in fragile X premutation ovaries Given that the serum FSH level is abnormally high in premutation mice and that the number of follicles is decreased, we reasoned that the decrease in follicles in premutations could be due to increased atresia. We therefore performed terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) assays to analyze ovarian sections from mice of different ages (PD35, 16 weeks, 22 weeks). As shown in Fig. 2A , WT ovaries showed an abundance of healthy follicles with tightly attached and well-organized granulosa cell and theca cell layers, which exhibited negative TUNEL staining (Fig. 4) . By contrast, many of the antral follicles in FMR1 premutation ovaries appeared atretic as characterized by the presence of detached granulosa cell layers and strong positive TUNEL staining (Fig. 4) , suggesting that the FMR1 premutation allele could induce increased apoptosis in ovaries.
Altered expression of the LH-induced ovulation-related genes in fragile X premutation ovaries
To analyze the altered gene expression in FMR1 premutation ovaries, we collected ovaries from PD25 and proestrus-stage adults (from 8 to 14 weeks old) of both WT and FMR1 premutation mice. Consistent with our findings in serum hormone levels, LH receptor (Lhr) was significantly downregulated in both PD25 mice and proestrus-stage adults. Surprisingly, there were no significant alterations in the mRNA level in FMR1 premutation ovaries at either stage associated with FSH receptor (Fshr), 17-a-hydroxylase (Cyp17a1), aromatase (Cyp19), estrogen receptor-b (Esr2), Cyclin D2 (Ccnd2) or insulin-like growth factor 1 (Igf1), which are the other major known regulators and markers of folliculogenesis besides Lhr (Fig. 5A and B) . In addition, we saw a large number of LH-induced ovulation-related genes downregulated specifically at the proestrus stage in adults, including Areg, Edn2, Ereg, Has2, IL6 and Ptgs2 (Fig. 5B) . These analyses suggest that the LH-mediated biological pathway could be affected in FMR1 premutation ovaries.
Reduced phosphorylation of Akt and mTOR in fragile X premutation ovaries
It is well known that the PI3K-Akt pathway can regulate many aspects of cell function, including cell-cycle progression/ arrest, DNA repair and apoptosis (30) . The critical roles of the PI3K pathway in gonadotropin-mediated GC differentiation, Figure 3 . Altered serum hormone levels in fragile X premutation mice. The elevated levels of estradiol (A) and FSH (B) and the decreased level of LH (C) in adult premutation versus WT littermates. On average, 8-11 mice were used for each time point and each genotype. Female mice of both genotypes were sacrificed at the proestrus stage, and sera were collected for measurement of 17b-estradiol, FSH and LH levels. Statistical significance ( * P , 0.05) was calculated by Student's t-test. cumulus expansion and oocyte maturation have been demonstrated previously (31) (32) (33) . Akt is known to play an instrumental role in the regulation of growth and maturation of the ovary, and the loss of Akt can lead to POF (34) . Given the ovarian phenotypes associated with fragile X premutation mice, we examined the level of both phosphorylated and overall Akt proteins. We saw a significant reduction of phosphorylated Akt, but not total Akt, in FMR1 premutation ovaries (Fig. 6A) . Given the known cross-talk between the Akt and mTOR pathways, we also examined the phosphorylation status of mTOR (35) . Consistent with our findings with Akt, we found a dramatic reduction of phosphorylated mTOR protein in FMR1 premutation ovaries (Fig. 6B ). These observations together suggest that the Akt/mTOR-mediated signaling cascade is altered in FMR1 premutation ovaries.
DISCUSSION
POI associated with FMR1 premutation carriers, or FXPOI, is one of the most common known causes of 46,XX POI (14) . While POI occurs in ,1% of the normal female population, up to 24% of FMR1 premutation carriers are affected. This phenotype is not observed in females with the full mutation and thus suggests that FXPOI is not due to reduced levels of FMRP (15) . The molecular pathogenic mechanism(s) underlying FXPOI ha(ve)s been elusive because of the lack of proper animal model. Here, we first documented that our mouse model carrying human FMR1 premutation allele recapitulates FXPOI: female premutation mice show reduced fertility and altered gonadotropin hormone levels. Second, we found that FMR1 premutation RNA alone is sufficient to impair female fertility, as FMRP levels were unaffected in our model. We show that FMR1 premutation RNA has no impact on the establishment of the primordial follicle pools, but rather impairs the development of the growing follicles, and induces their apoptosis. We also reveal that phosphorylation of both Akt and mTOR proteins is significantly reduced in FMR1 premutation ovaries. Our findings strongly support a role of FMR1 rCGG repeats in the pathogenesis of FXPOI, and suggest Akt/mTOR pathway as the potential therapeutic target for FXPOI.
The unique molecular signature associated with the FMR1 premutation allele is that the level of FMR1 mRNA is significantly elevated, while the production of FMRP is reduced. The latter is thought to be due to the long rCGG repeats impeding the translation initiation complex (8, 21) . Recent histological analyses revealed ovarian abnormalities in a mouse model with 130 CGG . CCG repeats in the endogenous Fmr1 gene. However, whether both FMR1 rCGG repeats and/or lower levels of Fmrp could contribute to FXPOI remains to be determined. In the transgenic mouse carrying a human YAC containing the premutation size of CGG repeats we used in this study, we saw significantly elevated mRNA levels of the FMR1 gene. To detect the FMRP level, we used an antibody that recognized both human and mouse FMRP and found that the overall abundance of FMRP was unaltered in FMR1 premutation mice. Since both WT copies of the murine Fmr1 gene are present in FMR1 X premutation mice, the molecular mechanism of this altered protein synthesis in the presence of human FMR1 premutation gene needs further investigation. Nonetheless, this serendipitous observation gives us an excellent opportunity to determine the contribution FMR1 mRNA with premutation rCGG repeats makes to FXPOI. Our results show that FMR1 premutation RNA is sufficient to impair female fertility and cause POI. Previous work has shown that FMR1 premutation rCGG repeats could sequester-specific RNA-binding proteins, such as Pur alpha and hnRNP A2/B1, and cause neurodegeneration associated with premutation carriers (22) (23) (24) (25) (26) (27) . It would be interesting and important to identify the protein(s) that could bind to FMR1 rCGG repeats in ovaries and test whether the sequestration of these rCGG repeat-binding protein(s) could lead to FXPOI as well.
Our findings suggest that the FMR1 premutation has no effect on the early primordial follicle pool, given that we found no apparent difference in the size and number of follicles between the premutation and the WT mice (2 days and Figure 5 . Altered expression of the LH-induced ovulation-related genes in fragile X premutation ovaries. The ovaries from both premutation and WT littermates at PD25 and 10-14 weeks of age were collected for gene expression analyses. Results shown are the representative real-time PCR results (using two or three ovaries per genotype in each experiment) of three independent experiments. Data were analyzed by using Student's t test and are shown as mean + SEM. 8 days), However, both the volume of ovaries and number of mature follicles in the premutation mice were markedly reduced compared with WT controls, raising the possibility that the premutation might block the development of mature follicles and/or increase the follicle apoptosis. The latter is supported by the results of our TUNEL assays that showed a strong signal of apoptosis in premutation ovaries. Moreover, we found that although the hormone 17b-E 2 levels were either increased or unchanged, FSH levels were significantly increased, indicative of the POF seen in clinics. Collectively, our data demonstrate the phenotype of POI in this mouse model.
Previous studies have shown that Akt functions as a key player to regulate growth and maturation of the ovary (33, 34) . Akt1 knockout (KO) females display reduced fertility and abnormal estrous cyclicity. Akt1 KO ovaries also have a reduced number of growing antral follicles, significantly larger primary and secondary oocytes and an increase in the number of degenerate oocytes. In addition, the mTOR pathway is required for a proper control of follicular granulosa cell proliferation and survival, and mTOR inhibition can result in a reduction in granulosa cell proliferation. Here, we show that the levels of phosphorylation of both Akt and mTOR in FMR1 premutation ovary were significantly reduced, which could explain the ovarian phenotypes we see in this FXPOI mouse model. It would be important to examine Akt and mTOR further in additional FXPOI mouse models, as well as human tissues, and determine whether the Akt/mTOR pathways could serve as a therapeutic target for FXPOI.
In summary, using a mouse model carrying human FMR1 premutation allele, we show here that large rCGG tract in the premutation RNA alone is sufficient to impair female fertility. We show that FMR1 premutation RNA has no impact on the establishment of the primordial follicle pools, but rather impairs the development of the growing follicles and induces their apoptosis. We further reveal that phosphorylation of both Akt and mTOR proteins is altered in FMR1 premutation ovaries. Our findings strongly support a role for FMR1 rCGG repeats in the pathogenesis of FXPOI and point to the Akt/mTOR pathway as a potential therapeutic target for FXPOI.
MATERIALS AND METHODS
Mice and sample collections
Transgenic mice carrying a YAC with the human premutation allele were described previously and used for this study (28) . During the germline transmission, we saw no parent-of-origin effect or somatic instability. Large expansion events indicative of a transition from a premutation to a full mutation were not observed.
Vaginal smears were performed daily in the adult mice. Some transgenic mice do not exhibit an estrous phase, but display vaginal smears morphologically reminiscent of diestrus and proestrus, alternating between these phases, but without any regular cycle. Animals in groups of four or five were sacrificed at a stage of the proestrous cycle rather than at random for FMR1 transgenic lines. Blood samples were obtained by enucleation of eyeball and allowed to clot; serum was stored at 2808C until assay. Body weight was measured and uterine weight recorded (uterine horns were not collected) as an index of estrogenicity.
Immunohistochemistry
Six-micrometer sections from paraffin-embedded ovaries were deparaffinized in xylene and rehydrated through a graded series of ethanol. Antigen retrieval was achieved by subjecting the sections to microwave irradiation for 15 min in 0.01 M citrate buffer (pH 6.0), 3% H 2 O 2 for 10 min to eliminate endogenous hydrogen peroxidase activity. Sections were then sequentially incubated at room temperature with blocking 5% bovine serum albumin for 30 min, Fmrp antibody (Santa Cruz, 1 mg/ml) overnight at 48C. After being washed with phosphate-buffered saline (PBS), the sections were incubated with biotinylated secondary antibody for 1 h and incubated with avidin -biotin -peroxidase complex for 1 h at room temperature. Final visualization of antigen was achieved by incubating sections with 3,3
′ -diamino-benzidine substrate solution for 5 or 8 min. The sections were then counterstained by hemotoxylin and mounted for photography. 
Morphologic classification of growing follicles and histological analyses
Ovaries were equilibrated in 30% sucrose overnight at 48C and fixed for 6 h in 4% paraformaldehyde (pH 7.5), dehydrated and embedded in paraffin. Sections were taken at intervals of 28 mm, and every fifth section (7 mm), paraffin-embedded sections were mounted on slides. Routine hematoxylin and eosin staining was performed for histologic examination by light microscopy. Ovarian follicles at different developmental stages, including type 1, type 2, type 3a, type 3b, type 4, type 5a, type 5b, type 6, type 7, type 8 and CL, were based on the well-accepted standards established by Pedersen and Peters (29) . Follicle numbers of the four serial biggest sections per ovary were evaluated, and at least five mice ovarian follicles were counted for each mouse genotype. Because of careful morphological analysis, the chances of counting the same follicle twice or missing a follicle were low.
Measurement of serum hormone levels
Adult FMR1 transgenic mice and their WT littermate female mice were sacrificed at the proestrus stage (based on vaginal smears) in order to measure gonadotropin levels during the follicular growth phase, but not the ovulation phase. Some FMR1 transgenic female mice were sacrificed randomly because of lack of regular estrus cycles. Serum was collected and stored at 2808C until assay. The levels of 17b-E 2 , FSH and LH in the serum were measured with a commercial radioimmunoassay kit at a commercial laboratory (Chemclin Co., Beijing). The sensitivity of the E 2 assay is ,3 pg/ml, that of the FSH assay ,0.27 mIU/ml and that of the LH assay ,0.3 mIU/ml. The intra-assay coefficient of variation (intra-assay CV) is ,10%, and the inter-assay coefficient of variation (inter-assay CV) is under 15%.
TUNEL assay
A TUNEL assay was performed using an in situ apoptosis detection kit (Takara) according to the manufacturer's instructions. Briefly, paraffin-embedded ovaries were deparaffinized in xylene and rehydrated through a graded series of ethanol. Then, the sections were incubated in proteinase K (20 mg/ ml, 15 min), followed by a TdT/reaction buffer mixture at 378C for 2 h. The slides were then washed with PBS. The nuclei were stained with Hoechst 33342. The apoptotic cells with green fluorescence were examined by a Nikon Eclipse 80i fluorescence microscope (Tokyo, Japan).
RNA extraction and real-time PCR
Total RNA was isolated using Trizol (Invitrogen). One to two micrograms of total RNA from each sample were reversetranscribed using oligo(dT)15 primer, transcriptase, reaction buffer and deoxynucleotide triphosphates to cDNA in a reaction volume of 20 ml. The real-time PCR were carried out using the Bio-Rad real-time PCR system, and the mRNA expression level was normalized against glyceraldehyde-3-phosphatedehydrogenase (GAPDH) mRNA level and analyzed using the comparative cycle threshold method.
Western blot analyses
Protein samples were separated on sodium dodecyl sulfatepolyacrylamide gel electrophoresis gels and then transferred to polyvinylidene difluoride membranes (Millipore). Membranes were processed following the enhanced chemiluminescence western blotting protocol (GE Healthcare). Anti-Akt, anti-phos-Akt, anti-mTOR and anti-phos-mTOR from cell signaling technology were used as primary antibodies at the dilutions recommended by the manufacturer. Horse-radish peroxidase-labeled secondary antibodies were obtained from Sigma (A0545) and used at a dilution of 1:5000. For loading controls, membranes were stripped and reprobed with the antibody against GAPDH (Ambion AM4300).
Gonadotropin-induced ovulation and size measurement of ovulated oocytes
To induce synchronized follicular growth and ovulation, immature 23-day-old female mice were injected i.p. with 5 IU of PMSG to stimulate follicular development, and with 5 IU hCG 48 h later to induce ovulation. Cumulus -oocyte complexes were recovered from oviducts 10-12 h after hCG treatment, and oocytes were freed of cumulus cells by a brief treatment with hyaluronidase (300 mg/ml) in M2 medium (Sigma). Seven mice of each genotype were super-ovulated, and five oocytes for each genotype were chosen randomly for measurement of diameters using a Zeiss AX10 microscope.
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NOTE ADDED IN PROOF
Most recently Hoffman, Usdin and their colleagues showed ovarian abnormalities in another mouse model of FXPOI (36) . 
